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PREFACE 


LtCol  Michael  Obal  of  the  Strategic  Defense  Initiative  Organization  (now  Ballistic 
Missile  Defense  Organization),  Materials  and  Structures  Office,  manages  a  wide  variety  of 
advanced  technology  and  demonstration  programs  addressing  needs  for  various  systems. 
A  number  of  demonstration  programs  in  the  area  of  adaptive  structures,  particularly  for 
space  systems,  have  been  initiated  over  the  past  few  years.  These  programs  are  addressing 
vibration  suppression  for  improved  hit-to-kill  performance  and  on-orbit  health  and 
environment  monitoring.  One  sensory  structures  project,  in  particular,  is  demonstrating 
threat  detection  capabilities  with  minimum  weight  penalty  to  the  spacecraft  via  attachment  of 
various  sensors  to  its  skin.  Future  efforts  along  these  lines  may  involve  integration  of 
miniaturized  avionics  packages  or  other  electronic  subcomponents  into  load-bearing 
structures.  The  agenda  was  put  together  by  LtCol  Michael  Obal,  Dr.  Chuck  Byvik 
(WJSA),  and  Dr.  Janet  M.  Sater  (IDA)  to  define  the  boundaries  for  present  sensory 
structures  fabrication  techniques  and  performance  and  to  identify  issues  in  the  further 
development  of  these  multifunctional  stmctures. 

The  workshop  was  hosted  by  IDA  on  February  10,  1993.  IDA  was  requested 
under  the  BMDO  "Materials  and  Structures  Development  in  Support  of  the  Strategic 
Defense  Initiative"  task  to  participate  in  the  workshop  and  to  prepare  a  proceedings  to 
document  the  content  of  the  workshop.  This  effort  was  subsequently  carried  out  by  Dr. 
Janet  Safer  with  input  from  LtCol  Michael  Obal,  Dr.  Chuck  Byvik,  and  Mr.  Edward 
Nielsen  (WJSA). 


ABSTRACT 


LtCol  Michael  Obal  of  the  BMDO  Materials  and  Structures  Office  sponsored  this 
workshop  to  define  the  boundaries  for  present  sensory  structures  fabrication  techniques 
and  performance  and  to  identify  issues  in  the  further  development  of  these  multifunctional 
structures.  A  number  of  specific  issues  were  identified  but  only  a  few  are  listed  here: 
(1)  new  design  concepts  may  be  needed  and  multidisciplinary  teams  are  required  to 
integrate  electronics  with  structures;  (2)  flight  tests  may  be  necessary  to  demonstrate  these 
multifunctional  structures;  (3)  ground  qualification  testing  is  an  issue  since  many  properties 
of  these  structures  are  as  yet  unknown;  (4)  project  managers  are  interested  in  maximum 
benefit/risk  ratio  and  will  consider  these  advanced  technologies  if  they  provide  a  mission 
enabling/enhancing  function  with  minimal  impact  on  system  (low  risk  technology  with  fail¬ 
safe  operation);  (5)  there  are  strong  requirements  to  address  the  various  "-ilities,"  especially 
reliability  and  especially  for  electronics;  (6)  built-in  self-testing/health  monitoring 
capabilities  are  necessary  for  electronics;  (7)  practical  concerns  include,  among  others, 
manufacturing  and  assembly/integration  techniques,  machinability,  data  on  properties  (and 
performance)  of  integrated  structures,  failure  mechanisms,  interconnects  between  the 
electronic  packaging  and  the  structure,  and  cofficient  of  thermal  expansion  (CTE)  mismatch 
between  the  electronics  and  the  structure. 
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INTRODUCTION 


LtCol  Michael  Obal  of  the  Strategic  Defense  Initiative  Organization  (SDIO)  [now 
Ballistic  Missile  Defense  Organization  (BMDO)],  Materials  and  Structures  (M&S)  Office, 
manages  a  wide  variety  of  advanced  technology  and  demonstration  programs  addressing 
needs  for  various  systems.  A  number  of  demonstration  programs  in  the  area  of  adaptive 
structures,  particularly  for  space  systems,  have  been  initiated  over  the  past  few  years. 
These  programs  are  addressing  vibration  suppression  for  enhanced  target  tracking  (adaptive 
structures)  and  on-orbit  health  and  environment  monitoring  and  reporting  (sensory 
structures).  One  sensory  structures  project,  in  particular,  is  demonstrating  threat  detection 
capabilities  with  minimum  weight  penaltj'  to  the  spacecraft  via  attachment  of  various 
sensors  to  its  skin.  Further  parasitic  weight  leduction  due  to  elimination  of  the  processor 
avionics  containers  and  associated  cabling  wiU  occur  when  the  processor  is  integrated  into  a 
later  generation  multifunctional  panel.  Such  an  approach  suggests  that  additional  spacecraft 
avionics  or  other  electronic  subcomponents  may  be  integrable  into  load-bearing  panels.  A 
workshop  was  proposed  in  order  to  define  the  boundaries  for  present  sensory  strucmres 
fabrication  techniques  and  performance  and  to  identify  issues  in  the  further  development  of 
these  multifunctional  structures. 

The  Workshop  on  Advanced  Sensory  Spacecraft  Structures  was  held  at  the  Institute 
for  Defense  Analyses  on  February  10, 1993.  An  agenda  and  list  of  attendees  can  be  found 
in  Appendix  A. 

LtClol  Michael  Obal,  Program  Manager,  opened  the  meeting  by  describing  the  M&S 
Adaptive  Structures  program  (Appendix  B).  His  remarks  also  provided  an  introduction  to 
the  workshop.  He  began  by  discussing  the  evolution  of  BMDO  space  defense  systems 
from  the  several  hundred  kilowatt  power  levels,  hundred  thousand  pound  weights,  and 
several  thousand  cubic  meter  structural  volumes  to  the  present  one  kilowatt  power,  hundred 
to  thousand  pound  weight,  and  to  few  cubic  meter  volume  class  of  interceptor  and 
surveillance  systems.  The  M&S  Program  has  also  evolved  in  response  to  the  changing 
requirements  (p.  B-2):  moving  from  the  development  of  advanced  composite  materials 
for  stiff,  lightweight  structures,  for  example,  into  proof-of-concept  demonstrations, 
component  tests,  subsystem  demonstrations,  brassboard  demonstrations,  and,  finally, 
ground  and  flight  tests  for  transition  to  the  BMDO  prime  contractors. 
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A  driving  factor  in  the  Adaptive  Structures  demonstration  programs  such  as 
Advanced  Control  Technology  Experiments  I  and  II  (ACTEX,  pp.  B-7  through  B-12)  has 
been  a  significant  miniaturization  and  corresponding  federation  of  control  electronics,  both 
of  which  provide  power  and  weight  reductions  for  the  system.  This  factor  is  also  very 
important  in  the  development  of  sensory  structures  in  which  sensors,  electronics,  and 
structural  materials  are  combined  for  on-orbit  monitoring  within  given  weight,  surface  area, 
and  volume  constraints.  Examples  of  such  structures  include  smart  tribomechanisms  (pp. 
B-14  through  B-16);  Space  Active  Modular  Materials  Experiments  (SAMMES,  pp.  B-17 
through  B-21);  and  Satellite  Attack  Warning  and  Assessment  Flight  Experiment 
(SAWAFE,  pp.  B-22  through  B-24). 

For  the  first  generation  SAWAFE  panel,  various  threat  detection  sensors  are 
attached  to  the  skin;  for  the  second  generation  panel,  sensors  will  be  integrated  with  analog 
to  digital  (A/D)  converters  into  a  skin.  A  third  generation  panel  may  involve  integration  of 
the  sensors  and  an  A/D  converter  with  the  processor.  Other  satellite  avionics  or  electronic 
components  may  be  integrable  with  structure  to  provide  load-bearing  capability,  thermal 
control,  and  radiation  and  EMI  shielding  in  spacecraft,  as  illustrated  on  page  B-25. 
LtCol  Obal  indicated  that  what  is  meant  by  the  term  "sensory  structures"  is,  in  truth, 
unknown  at  this  point.  However,  in  order  for  M&S  to  spend  its  dollars  most  wisely  in  this 
research  area,  an  opportunity  for  industry  people  to  provide  input  was  desirable;  thus,  this 
workshop.  Perceived  benefits  from  development  of  this  technology— the  integration  of 
electronic  components  into  load-bearing  structures— include  additional  design  options  to 
funher  reduce  spacecraft  weight;  reductions  in  total  system  cost  due  to  relative  ease  of 
manufacturing  and  assembly;  and  enhanced  survivability  in  space  and  threat  environments. 

Objectives  of  this  workshop  were  clearly  defined: 

1 .  To  identify  technical  issues  in  the  development  of  load-bearing  multifunctional 
structures  that  incorporate  subsystem  avionics  within  the  structural  volume; 

2.  To  assess  the  viability  of  initiating  research  efforts  in  multifunctional 
structures; 

3.  To  determine  the  first  steps  in  technology  development  leading  to 
multifunctional  structures;  and 

4 .  To  suggest  near-  and  far-term  applications. 

A  number  of  factors  lo  be  considered  by  attendees  throughout  the  day  were  also 
highlighted:  mechanics  issues  of  embedded  electronics  in  composite  structures;  spacecraft 
qualification  requirements;  assembly  and  checkout  requirements  and  ground 
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maintainability;  fabrication  and  producibiiity;  and  expected  failure  mechanisms  and 
reliability.  Subsystems  of  potential  interest  included  communications,  attitude 
determination  and  conool,  and  electrical  power,  among  others.  Ted  Nye  commented  that 
"there  may  be  lots  of  technologies  out  there  but  cost  will  be  cridcal." 

To  cover  the  aforementioned  objectives  required  the  participation  of  several  groups 
of  people:  experts  in  spacecraft  structural  and  subsystem  design,  advanced  sensors  and 
actuators,  electronics  and  information  packaging,  and  manufacturers.  Summaries  of  each 
of  the  invited  presentations  and  associated  comments  can  be  found  in  .sections  II  and  III. 
Note  that  these  summaries  are  not  in  the  order  listed  on  the  agenda  but  have  been  divided 
into  two  subject  categories:  Design  Concepts  (Section  II)  and  Applications  (Section  III).^ 
Copies  of  the  charts  can  be  found  in  Appendixes  C  and  D.  Section  IV  includes  the  final 
discussion  and  summary. 


^  Within  each  category,  presentation  summaries  follow  the  order  given  in  the  agenda. 


II.  DESIGN  CONCEPTS 


A.  CHUCK  BYVIK,  NEW  DESIGN  CONCEPTS 

Chuck  Byvik  (pp.  C-1  through  C-11)  discussed  the  evolution  of  the  BMDO 
systems  from  the  high  volume  requirements  for  early  systems  such  as  the  various  directed 
energy  weapons  and  the  Boost  Surveillance  and  Tracking  System  to  the  high  value 
requirements  for  the  current  systems  such  as  Brilliant  Pebbles  and  Brilliant  Eyes.  The 
figures  shown  on  pages  C-3  and  C-4  illustrate  possible  combinations  of  materials/ 
properties,  production,  and  structures  and  can  be  used  to  describe  the  state-of-the-an  of 
available  technologies:  to  do  all  of  these  is  "unaffordable  by  many,"  probably  by  any. 
Concurrent  with  this  limitless  combination  of  materials,  etc.,  is  a  significant  growth  in 
computer  processing  speed. 

A  logical  step  may  be  to  integrate  historically  separate  disciplines  [i.e.,  electronics 
with  functional  disciplines:  with  sensors  for  sensory  structures  or  with  optics  for  silicon 
(Si)  eyes,  for  example].  In  classical  optical  systems  digital  processing  can  be  done 
relatively  easily.  However,  using  diffractive  optics  together  with  neural  network  logic  and 
analog  signal  processing  "buys  you  a  skin,"  a  25()()-pixel  "eye,"  for  example  (p.  C-S).^ 
The  interdisciplinary  nature  implicit  in  the  development  of  this  technology  cannot  be 
overemphasized. 

This  approach  represents  a  new  dimension  in  integration  and  may  lead  to  radical 
new  designs  (p.  C-9).  Current  spacecraft  are  designed  as  endoskeletal  systems,  having  an 
internal  support  structure.  Future  spacecraft  may  feature  exoskeletal  designs,  similar  to 
insect  bodies,  where  the  outer  skin  is  the  support  structure. 

There  are  two  aspects  to  be  considered  in  the  development  of  this  technology: 
"push"  from  the  technologists  and  "pull"  from  the  designers.  "Push"  can  occur  via 
appropriately  focussed  efforts  at  the  technology  level.  "Pull"  from  the  systems  occurs  via 
reduced  risk  and  costs  of  demonstration  to  obtain  flight  heritage  for  the  new  technology.  It 


1  Jack  McKay  pointed  out  that  not  all  optical  applications  can  be  addressed  via  this  silicon  eye 
technology  as  there  is  a  light-gathering  resolution  limit  for  large  apertures.  The  Si  eye  acts  as  an 
effective  aperture.  A  good  ^plication  was  thought  to  be  earth  or  sun  sensors-bright  objects. 


is  important  that  technology  demonstrations,  such  as  TechSat  or  TechShot,  be  done  in  a 
manner  that  is  acceptable  to  current  spacecraft  designers. 

B.  GEORGE  FLACH,  MULTIFUNCTION  STRUCTURES:  USE  IN 
MINIMAL  QUANTITY  SPACECRAFT 

George  Flach,  a  designer  at  the  Naval  Research  Laboratory  (NRL),  asked  and 
answered  a  question  on  the  wisdom  of  incorporating  electronics  into  structural  elements; 
yes,  for  large  volume  applications  and  extremely  weight-constrained  vehicles,  the  primary 
beneHt  being  reduced  weight.  However,  a  number  of  technical  challenges  were  identified 
(p.  C-13): 

1 .  Thermal  dissipation  is  solvable.  At  the  chip  level  connectors  may  be  necessary 
to  remove  heat  from  the  system. 

2.  EMI  ground  planes  must  be  designed  into  the  structure  from  the  beginning. 
The  problem  is  solvable  given  enough  money  and  time. 

3.  Schedule  impacts  are  a  major  concern.  People  do  make  mistakes. 
Additionally,  since  the  structure  is  now  an  electronic  component,  spacecraft 
fabrication  becomes  more  serial. 

4.  As  a  corollary  to  3,  repair  and  problem  correction  during  test  and  integration 
also  become  more  serial. 

5.  These  complex  electronic  components/structures  will  probably  not  be  cost 
effective  if  production  volumes  are  low;  nor  would  they  be  expected  to  be 
reproducible. 

6.  Current  assembly  techniques  are  believed  to  be  adequate  for  adding 
components  to  the  structure  if  necessary,  though  they  may  not  be  suitable  for 
completely  integrated  struaures. 

His  general  conclusion  was  that,  for  low-volume  production  and,  possibly,  low-cost 
spacecraft  or  for  non-weight-constrained  applications,  electronics/structural  integration  was 
not  a  good  idea.  Schedule  and  cost  were  stated  to  be  the  main  drivers  in  such  spacecraft. 
The  money  "hump"  seems  to  be  a  major  factor  limiting  industry  acceptance.  A  company 
also  needs  to  be  able  to  produce  on  a  reasonable  schedule  with  a  reasonably  understood 
budget.  One  implication  appears  to  be  that  flaws  must  be  known,  a  potentially  difficult  task 
with  these  advanced  sensory  structures  given  the  number  of  unknowns,  at  least  at  present. 
This  fact  will  drive  designers  to  be  more  conservative. 

A  question  was  raised  about  built-in  health  monitoring  capabilities  for  devices.  His 
response  was  that  it  was  possible  but  required  an  up-front  investment  There  is  apparently 
an  Institute  for  Electrical  and  Electronics  Engineers  (IEEE)  standard  for  this:  Technology  is 


progressing  because  the  chip  manufacturers  need  it.  Lee  Robinson  stated  that  it  is 
absolutely  necessary  for  integration  of  satellites.  Another  participant  commented  that 
capabilities  of  most  of  the  available  avionics  were  not  being  fully  utilized. 

However,  given  Mr.  Flach's  conclusion,  several  potential  applications  were 
identified  along  with  a  statement  that  "any  flat  surface  and  a  supply  of  money  can  be  made 
into  a[n]  electronics  and  load  bearing  element"  Applications  include  solar  arrays,  antenna 
and  antenna  electronic  functions,  functional  control  or  telemetry  elements,  and  optical 
transmission/processing  mixed  mode  elements. 

Spacecraft  designers  and  manufacturers  will  have  additional  questions  regarding 
this  technology.  Issues  of  concern  include  dielectric  constant  as  a  function  of  temperature^ 
and  its  uniformity/tailorability;  coefficient  of  thermal  expansion  (CTE);  compatibility  with 
non-outgassing  adhesives;  machinability;^  radiation  hardness;^  plating  techniques; 
resistivity;  and  compatibility  .  'h  existing  fasteners. 

C .  DON  EDBERG,  PROGRAM  REQUIREMENTS  AND  TECHNOLOGY 
INFUSION 

Don  Edberg  (pp.  C-19  through  C-29)  discussed  program  requirements  for 
implementation  of  these  and,  in  fact,  many  other,  advanced  technologies.  From  a  program 
perspective,  system  demonstrations  should  demonstrate  the  maximum  benefit/risk  ratio  and 
mission  enabling  and/or  enhancing  functions  with  minimal  impact  on  other  subsystems. 
Technology  development  for  insertion  into  such  programs  should  be  timely.  Apparently, 
the  program  people  are  not  interested  in  parasitic  weight  when  assessing  the  benefit/risk 
ratio.  In  response  to  a  question,  Edberg  stated  that  the  technologists  need  to  communicate 
with  the  systems  people  from  the  start  of  a  project;  this  is  beginning  to  occur  in  some 
technology  areas. 

From  a  technology  perspective,  basic  and  applied  research  programs  (6.1  and  6.2) 
as  well  as  demonstration  and  validation  (6.3)  through  ground  and  flight  test  programs^  are 
necessary.  When  asked  if  every  technology  required  a  flight  test,  he  replied  no.  However, 
in  terms  of  the  sensory  structures  technology,  it  is  believed  that  flight  tests  will  be  required. 
LtfZol  Obal  commented  that  current  budgets  may  not  allow  such  testing,  in  which  case  it 
may  be  possible  to  design  a  ground  test  plan  that  can  test  most  of  the  salient  features.  The 

^  There  are  reflections  with  large  variations  in  dielectric  constant  as  f(T). 

^  It  would  be  desirable  to  use  common,  available  tools. 

^  Properties  can  change  with  increasing  radiation  exposure. 

^  This  includes  primary  flight  tests  where  the  technology  is  a  critical  part  for  flight  operations  and 
secondary  or  piggyback  flights  where  it  is  not. 


n-3 


benefit  of  a  flight  test  is  obvious-it  forces  problems  to  be  solved  on  a  schedule  and  it 
forces  a  company  to  show  that  the  devices/structures  can  be  fabricated.  Someone 
commented  that  even  in  a  flight  test,  full  capabilities  of  a  system  are  not  evaluated.  The 
important  part  of  the  flight  test  process  is  identifying  hard  points.  In  any  case,  it  appears 
that  there  is  a  change  in  the  mindset  of  government  program  managers  that  may  require 
some  changes  on  the  part  of  researchers.  In  the  current  budget  environment  costs  typically 
associated  with  flight  tests  may  be  prohibitive. 

Technology  insertion  should  be,  of  course,  the  technologist's  goal.  It  implies  that 
the  technology  is  somewhat  mature  with  low  risk  as  demonstrated  by  extensive  ground 
testing  and  that  it  can  meet  the  schedule.  It  is  also  desirable  that  system  designers  have  a 
sense  of  ownership  of  the  technology  due  to  their  involvement  from  the  beginning. 
Ground  testing  should  be  performed  using  the  same  personnel,  procedures,  and  equipment 
to  be  used  in  system  acceptance  testing.  The  "-ilities"  such  as  reproducibility  and 
maintainability  must  be  addressed;  reliability  is  particularly  important.  The  most  important 
factor  in  technology  insertion  is  fail-safe  operations:  the  overall  system  has  to  woilc  even  if 
the  new  technology  fails,  which  initially  would  seem  to  imply  that  it  wasn't  doing 
anything.  There  is,  however,  built-in  redundancy  in  many  systems,  particularly  for 
systems  using  advanced  technologies.  As  an  example,  there  may  be  five  RF  antennae;  if 
one  fails,  the  other  four  presumably  will  work.  But  if  there  is  an  inherent  problem  in  the 
design  and  all  five  are  exactly  the  same  it  won't  matter  that  there  is  redundancy-they  will 
all  fail.  Therefore,  different  approaches  for  the  same  function  may  be  required  to  fulfill 
redundancy  needs.  Someone  raised  the  question  of  who  in  the  program  chain  buys  off  on 
the  technology,  a  difficult  question  when  dealing  with  interdisciplinary  efforts  as  would  be 
the  case  for  these  advanced  sensory  structures.^  The  program  manager  will  probably  have 
to  be  the  one  to  buy  off  on  this  technology,  assuming  the  "trickle-down"  theory  of 
technology  »'»sertion  holds. 

An  example  of  an  adaptive  thermal  isolator  for  the  McDonnell  Douglas  Ground 
Surveillance  and  Tracking  System  (GSTS)  design  was  provided  to  illustrate  these  steps 
(pp.  C-23  through  C-28).  Performance  of  the  baseline  titanium  structure  was  compared  to 
that  of  a  composite  shell  design  using  lead-zirconate-titanate  (PZT)  piezoceramic  elements 
and  a  composite  truss  design  using  active  struts.  Important  design  concerns  were  heat  flow 
and  vibration  suppression.  Designers  were  brought  in  from  the  beginning  to  give  them 
more  confidence.  In  addition  to  fulfilling  the  previously  mentioned  requirements,  they 


^  In  the  first  place,  a  truly  interdisciplinary  team  is  needed  and,  at  present,  there  does  not  seem  to  be  a 
clear  view  of  what  that  mix  is. 
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were  able  to  demonstrate  that  if  the  electronics  failed  the  system  requirements  could  still  be 
met.  Also,  the  designs  were  interchangeable  so  they  could  be  "plugged  in"  at  the  last 
moment. 

Concluding  remarks  emphasized  the  need  for  increased  communication  between 
systems  designers  and  technologists  on  several  levels;  understanding  existing  systems  and 
system  requirements  and  understanding  technology.  The  technology  needs  to  be  low  risk 
with  validated  fail-safe  capabilities.  Edberg  commented  that,  in  terms  of  risk,  if  the  goal  is 
to  minimize  risk  to  an  extreme  level  the  jump  with  new  technology  will  never  be  made. 

D.  LEE  ROBINSON,  HARDWARE  DESIGN  PROBLEMS 

Lee  Robinson  discussed  hardware  design  problems  (pp.  C-30  through  C-36).  He 
began  his  perspective  on  the  problem  by  stadng  that,  after  the  proposals  are  submitted  and 
the  dollars  are  established,  a  "technology  guy"  shows  some  great  new  technology  to  a 
"systems  guy"  but  neglects  to  show  the  two  6-ft  racks  of  equipment  that  go  along  with  it 
and  "therein  lies  the  problem."  The  systems  guy  needs  to  feel  that  all  the  problems  have 
been  approached  by,  for  example,  putting  the  technology  into  a  flight  configuration.  While 
it  may  not  be  a  law  of  God,  it  may  be  fact  of  life  that  for  small  technical  research  satellites 
there  is  never  enough  power,  packaging  volume,  mass  allotment,  or  schedule.  One 
approach  is  to  make  the  systems  and  equipment  smaller,  but  that  doesn’t  seem  to  have 
worked  well.  Robinson  believes  that  we're  "starting  out  behind  the  eight  ball"  and  that  "we 
must  latch  onto  things  that  program  managers  are  interested  in  as  part  of  technology 
development." 

Difficulties  in  two  areas  were  addressed,  the  first  being  structural  actuator  amplifier/ 
driver.  Major  issues  include  extreme  power  transfer  efficiency,  bandwidth/stability 
requirements,  and  spacecraft  power  system  isolation/grounding  problems.  Power  transfer 
from  spacecraft  power  to  drivers  is  a  predominant  concern  since  there  does  not  appear  to  be 
much  proven  conversion  equipment  for  spa  ;e  flight  with  high  voltage  capabilities.  Thermal 
conductivity  paths  are  likely  to  be  different  as  well.  Actuator  bandwidths  are  wide,  which 
may  complicate  loop  stability  designs.  The  attachment  of  the  devices  will  also  affect  their 
performance:  control  regimes  could  be  different  due  to  nonlinear  behavior.  Grounding 
problems  would  be  complicated  by  the  effects  of  embedded  devices. 

A  second  area  of  concern  was  sensors/signal  processing  with  major  issues 
including  noise,  tracking  requirements,  and  measurements/diagnostics  Noise  concerns, 
both  for  the  sensors  and  processors,  are  different  due  to  a  change  in  the  environment  from 
a  box  structure  to  an  embedded  one.  Tracking  refer. ,  •  h'*  Tacking  of  various  performance 
parameters  as  functions  of  changes  in  environment,  i.e.,  temperature  or  loads.  It  will  also 


be  important  to  know  how  such  changes  would  affect  overall  stabilities.  Built-in 
diagnostics  now  become  essential:  self-health  checks  would  be  needed  to  evaluate  changes 
in  performance  through  manufacturing  and  assembly.  This  will  also  help  determine  how 
the  structure  is  to  be  built  and  assembled  since  boundaries/factors  affecting  device 
performance  will  have  been  identified. 

To  conclude,  Robinson  remarked  that  hardware  design  and  development  should  be 
concurrent  with  system  peripheral  support  functions.  An  example  of  superconductivity 
was  used  for  illustrative  purposes;  the  speed  of  the  developed  chips  exceeded  the  ability  of 
the  lab  equipment  to  measure  it.  An  ability  to  check  out  the  appropriate  performance/ 
properties  of  the  device  on  the  ground  is  essential  since  one  needs  to  be  able  to  convince  the 
designers  that  one  has  a  clue  as  to  what  is  happening.  This  will  be  critical  for  the 
evaluation  of  these  multifunctional  structures.  Robinson  also  believed  that  the  idea  of 
taking  laboratory  equipment  and  making  it  smaller  for  flight  is  not  viable  over  the  long 
term.  This  statement  implies  an  Achilles  heel  or  some  inherent  physical  limitation, 
according  to  one  attendee.  This  may  not  be  absolutely  true  but  recognition  that  the  "game 
changes"  is  needed.  And,  finally,  time  and  dollars  are  necessary  to  realize  actual 
requirements  for  applicable  and  available  hardware  implementations  concurrent  with 
experiment  design. 

Several  questions  regarding  issues  in  technology  insertion  were  asked  of  Dr. 
Robinson,  who  acts  as  a  liaison  between  systems  and  technology  at  the  Jet  Propulsion 
Laboratory.  He  responded  that  too  many  "caverns  in  the  schedule"  were  not  desirable  and 
there  should  be  no  technology  showstoppers-the  more  high  risk  areas  there  are  in  a 
program,  the  more  difficult  it  is  to  sell. 

E.  JACK  McKAY,  SPACECRAFT  MASS  MINIMIZATION  BY 
SUBSYSTEM  OPTIMIZATION 

Jack  McKay  from  Research  Support  Instruments  (RSI)  presented  a  different 
perspective;  RSI,  a  small  company  that  makes  space-qualiHed,  electro-optical  instruments 
works  in  the  envelope  of  available,  off-the-shelf  technology  and  "nuts  and  bolts"  designs. 
He  indicated  that  the  person  they  would  have  to  convince  to  use  advanced  sensory 
structures  technology  would  be  the  program  manger.  Affordability  is  a  critical  issue:  This 
technology  can't  only  be  used  for  the  space  industry;  the  components  must  find  a  larger 
military  and/or  commercial  market.  The  basis  for  his  presentation  (pp.  C-37  through  C-43) 
was  work  being  performed  on  the  SAMMES  program  with  Physical  Sciences,  Inc.  (PSI). 

Minimal  mass,  with  or  without  new  technologies,  can  only  be  achieved  by 
optimizing  the  design  of  a  particular  system  for  performance  and  size  (and  cost!).  There 


are  two  approaches  to  arrive  at  minimal  mass;  One  is  to  combine  sensors,  interface 
electronics,  and  structural  elements  into  a  single,  multifunctional,  lightweight  component; 
the  other  is  to  package  processing  electronics  into  a  single,  minimal  volume  block. 

In  the  first  case,  the  sensor/interface  circuit  support  structure  must  be  optimized  for 
maximum  strength-to-mass  ratio.  Additionally,  the  electronics  must  have  mega-rad 
radiation  survivability  capabilities,  a  major  liability.  The  available  selection  of  extremely 
rad-hard  electronic  components  is  limited.  An  illustration  is  provided  on  page  C-39,  using 
a  graphite/epoxy  frame  with  flexible  circuit  faces,  similar  to  a  kite. 

In  the  second  approach,  the  electronics  must  be  optimized  for  maximum 
functionality  per  unit  volume  and  mass,  possibly  via  a  box  enclosure.  This  permits  use  of 
high  density,  high  performance,  high  functionality  integrated  circuits  that  are  not 
necessarily  capable  of  surviving  large  radiation  doses.^  Such  devices  might  include 
Application  Specific  Integrated  Circuits  (ASICs)  and  highly  integrated  micro-controllers. 
The  box  can  be  hidden  behind  the  largest  available  structural  mass  for  additional  protection. 

An  electronics  "brick"  is  one  way  to  approach  building  the  electronics  (p.  C-41) 
and  could  be  used  in  both  approaches.  The  brick  would  have  a  thin  skin  for  EMI 
protection.  The  electronic  components  themselves  can  provide  some  radiation  shielding  as 
well:  intrinsically  rad-hard  components  (i.e.,  connectors)  would  be  located  on  the 
outermost  layers,  moderately  hard  components  (i.e.,  line  receivers)  on  the  next  layers,  and 
least  rad-hard  components  [i.e.,  high  density  Complementary  Metal-Oxide  Semiconductor 
(CMOS)  processors,  controllers,  other  logic  devices]  in  the  center.  Issues  include  survival 
of  launch  and  the  ability  to  manufacture  these  electronic  bricks. 

F.  BILL  KRUG,  APPLICATION  SPECIFIC  INTEGRATED  CIRCUIT 

Issues  associated  with  ASICs,  addressed  by  Bill  Krug  from  the  Naval  Air  Warfare 
Center  (pp.  C-44  through  C-50),  included  Si  technologies,  techniques  and  methodologies, 
embedding  processes,  and  shielding. 

Concerns  regarding  use  of  Si  technologies  include  life  expectancy  of  the 
application— months  or  years;  the  number  needed  that  determines  the  most  cost-effective 
technology;^  the  bulk  effect  since,  for  4-  to  6-inch  diameter  Si  wafers  thicknesses  on  the 
order  of  15  to  25  mils  are  required  for  handling  reasons,  the  ASICs  are  mostly  bulk  Si;^ 


^  These  devices  can  be  radiation  tolerant  to  about  10  krads. 

^  Analog  ASICs  are  not  as  mature  as  digital  ASICs,  which  represent  the  bulk  of  the  current  ASIC 
maikeL 

^  A  charge  buildup  affects  performance.  An  insulating  layer  to  isolate  the  electronics  from  the  bulk 
makes  it  more  ra^ation  tolerant 
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ion  mobility;^®  and  single  event  upsets.^*  A  focused  ion  beam,  used  to  dope  Si,  creates 
quantum  wells  (deposits  impurities)  in  very  specific  locations;  excess  impurities  are 
removed  via  annealing.  Over  the  years  circuit  features  have  undergone  significant 
reductions  in  size.  For  example  the  length  of  a  CMOS  transistor  gate  has  decreased  from 
7.5  pm  to  0.7  pm.  The  active  area  is  about  25  percent  the  size  of  the  transistor.  Feature 
size  affects  the  operational  power  and  frequency  bandwidths.  Interestingly  enough,  there 
appear  to  be  few  organizations  in  the  United  States  either  qualified  to  fabricate  or  capable  of 
fabricating  these  devices:  Harris,  UTMC,  and  NSA. 

To  reduce  costs  it  is  critical  that  the  technologies  be  integrated  using  computer-aided 
design  approaches  first,  for  worst-case  analyses.  Synthesis  and  simulation  techniques  can 
then  be  used  to  evaluate  the  designs.  For  Very  High  Density  Logic  (VHDL)  circuits, 
standard  cells,  and  gate  arrays  there  is  typically  little  front  end  design  time.  Functional 
partitioning  is  another  important  aspect.  This  requires  decisions  regarding  what  functions 
are  needed;  which  ones  ought  to  be  included,  which  ones  can  be  included,  and  how  self¬ 
testing  capabilities  can  be  built  into  them.  Size  reduction  methodologies  consider  feature 
sizes,  part  count,  and  pin  count.  All  of  these  may  reduce  costs.  Reducing  pin  count 
increases  reliability.  At  this  point  questions  were  raised  regarding  the  mechanics  of  device 
testing.  Much  testing  has  been  done  on  single  crystal  Si:  mechanical  and  other  properties 
are  known  as  a  function  of  crystal  orientation.  Devices  are  too  small  to  test.  Loads  on 
these  devices  would  not  typically  cause  failure  as  the  devices  are  pretty  well-insulated  from 
outside  load  conditions;  it  is  the  bonds  that  would  fail.  Therefore,  package  mounting  on 
the  printed  circuit  board  (PCB)  is  a  major  issue.  At  Los  Alamos,  every  transistor  is 
examined  layer  by  layer,  gate  by  gate,  a  high  cost  procedure  ($10  -  $20,000).  A  related 
question  is  as  follows;  Does  enough  structural  information  come  with  a  device  that  a 
designer  would  feel  comfonable  using  it  in  a  structural  panel?  The  response  was  that  if  the 
package  conforms  to  a  military  specification  such  information  is  probably  provided.  If  the 
package  were  eliminated,  one  would  have  to  start  from  the  beginning-design  through 
qualification. 

ASICs  have  been  embedded  in  several  ways.  In  the  oil  industry  a  sensor  package 
is  placed  in  a  vacuum  bottle,  a  1-shot  deal  lasting  about  30  minutes.  These  circuits  can  also 


^  ^  Dopant  migration  is  caused  by  radiation. 

^  ^  Radiation  could  cause  a  transistor,  for  example,  to  go  on  or  off.  This  is  somewhat  an  effect  of  feature 
size. 
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be  embedded  in  glass  and  injected  under  animal  skins  for  identification  purposes.  ^2 
Compatibilities  between/among  the  different  materials  can  be  an  issue.  For  example  there 
may  be  joint  degradation  due  to  dissimilar  materials;  thermal  expansion  mismatch  is  another 
possibility.  Materials  that  are  nominally  the  same  may  have  quite  different  characteristics, 
evidence  the  different  background  radiation  levels  in  Ohio  vs.  Chile  sand.  And,  of  course, 
the  process  parameters  (pressure,  temperature,  layering  approaches)  under  which  the 
devices  are  assembled  will  affect  their  peifomiance. 

The  amount  of  shielding  required  is  a  function  of  the  desired  level  of  protection. 
Level  of  protection  can  be  varied  by  using  different  material  combinations  such  as  metal- 
filled  composites  or  woven  shield  layers.  Note  that  if  using  graphite/epoxy  materials  the 
electronics  will  require  shielding.  In  addition,  it  is  necessary  to  know  both  expected  shelf 
and  active/operational  lifetimes  in  order  to  select  the  right  level  of  protection. 


^  2  This  approach  is  also  used  for  reading  license  tags  at  toll  booths  and  is  of  interest  to  the  auto  industry 
for  ID  purposes  as  well. 
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III.  DISCUSSION 


A.  BILL  SAYLOR,  SAWAFE  AND  SMART  STRUCTURES  PROGRAMS 

The  SAWAFE  1  panel  is  to  be  a  payload  on  the  Space  Test  Experiment  Program 
(STEP)  3  flight,  a  250-kg  TRW  satellite  with  a  500-km  orbit.  The  objective  of  this  M&S- 
sponsored  program  at  Los  Alamos  is  to  develop  and  demonstrate  "smart  skins"  capable  of 
detecting  and  assessing  laser,  RF,  and  nuclear  threats  (pp.  D-1  through  D-10).  The  skin 
must  be  able  to  define  the  nature  of  the  attack-where,  what,  and  how  much-and  provide 
awareness  of  tampering  using  conformal  sensors  at  minimum  mass,  power,  and  size,  with 
minimal  impact  on  the  host  craft.  Sensors  include  laser  sensors,  a  broadband  RF  antenna, 
and  fiber  optics  for  low-energy  X-ray  detection.  The  processor  is  an  experimental  one. 
The  panel  with  sensors  will  weigh  about  3  lb  with  the  processor  box  weighing  about  30  lb 
(20-60  W  peak  power).  ^ 

Future  SAWAFE  experiments  will  integrate,  first,  the  A/D  converter,  and,  second, 
the  processor.  Weight  projections  for  the  second  panel  and  box  are  about  7-8  lb  with  20- 
30  W  peak  power.  Internal  R&D  efforts  at  Los  Alamos  in  the  areas  of  electronics  and 
sensors  will  be  leveraged;  miniaturization  of  the  electronics  is  a  key  aspect.  Issues  include 
material  integration,  since  a  conformal  panel  is  the  desired  end  goal,  and  packaging  for  the 
electronics.  Packaging  needs  to  be  mechanically  reliable  and  have  fast  turnaround  at 
reasonable  costs.  An  example  of  the  High  Density  Integrated  (HDI)  detector  electronics 
modules  for  the  Supercollider  was  given  (p.  D-8):  these  1"  x  2"  packages,  to  be  produced 
in  relatively  large  quantities  (thousands),  have  1280  input  signal  channels  and  can  be 
repaired^  during  manufacture  For  the  second  panel  these  HDI  modules  will  be  attached  to 
the  back  of  the  panel  to  provide  a  thermal  path/radiator  with  visco-elastic  materials  for 
vibration  damping  and  flexible  circuit  connections.  It  was  suggested  that  the  signal  wires 
between  the  HDI  packages  could  be  embedded  so  that  circuits  could  just  be  plugged  into 
panel  2. 


^  Cunent,  off-the-shelf  technology  would  weigh  about  100  lb  with  100  W  peak  power. 

^  These  circuits  are  built  from  the  back  up,  starting  with  bare  components  and  building  up  the  circuit 
board.  Bad  layers  can  be  removed  but  the  costs  are  unknown.  It  also  implies  some  sort  of  continuous 
inspection.  It's  not  yet  clear  if  repairable  packages  are  necessary.  It  may  be  more  cost  effective  to 
replace  whole  units  during  flight  check-out  for  the  avionics  than  to  repair  individual  packages. 


In  terms  of  check-out  and  qualification  procedures,  the  need  to  be  able  to  repair  or 
replace  units  was  identified  as  desirable.  However,  replacement  of  structural  pans  means 
that  previous  functional  qualification  tests  have  been  invalidated.  On-orbit  thermal  cycling 
was  mentioned  as  an  issue  for  multichip  modules  (MCMs).  The  ability  to  tweak  or  adjust 
these  MCMs  prior  to  hermetic  sealing  is  being  designed  into  these  devices  though  it  is 
expected  that  future  efforts  will  move  toward  replacement.  Using  ASICs  which  are  based 
on  the  idea  of  triple  redundancy  may  be  mwe  feasible;  repairability  would  not  be  an  issue. 
A  question  was  asked  regarding  the  odds  of  getting  a  factory-produced  panel  containing 
everything  through  a  test  program.  Saylor  replied  that  a  production  run  implies  some 
confidence  level,  and  it  usually  means  quantity. 

One  major  issue  was  brought  up  by  Jack  McKay:  radiation  and  radiation  shielding. 
From  a  parts  selection  standpoint  there  are  few  electronic  components  that  can  withstand 
high  doses  of  radiation  over  long  periods  of  time.  Shielding  could  be  embedded  but  such 
an  approach  should  necessarily  be  inherent  throughout  the  eaily  design  stages.  There  are 
basically  two  alternatives  (see  Section  HE).  The  decision  on  which  of  the  two  alternatives 
will  be  selected  is  based  somewhat  on  the  mission:  if  a  design  requires  lots  of  rad-hard 
electronics  the  typical  solution  is  to  get  them  as  far  away  from  the  skin  as  possible  and 
shield  them  in  a  box.  It  all  depends  on  how  long  the  owner  wants  the  satellite  to  survive^ 
and  how  much  the  satellite  costs.  If  the  cost  is  very  low  it  may  not  matter.  As  a  point  of 
comparison  the  current  SAMMES  electronics  would  survive  about  2  months  if  it  was 
located  on  an  outer  surface. 

B .  ALLAN  BRONOWICKI,  SMART  PATCH  CONCEPT 

The  Modular  Control  Patch  program  (pp.  D-1 1  through  D-15)  is  jointly  sponsored 
by  SDI  and  the  Air  Force  at  TRW.  The  1”  x  2"  patch  provides  retrofittable  miniaturized 
electronics  for  vibration  suppression.  It  will  be  space  qualifiable  and  will  be  capable  of 
adaptive  neural  control.  The  patch  operates  at  80  kHz  and  includes  piezoelectric  ceramic 
sensors  and  actuators  (PZT  type),  charge  amps,  analog  input/output,  and  a  digital  signal 
processor  (33  Mflops)  with  a  serial  interface  (page  D-1 1).  The  power  converter  is  capable 
of  driving  six  patches.  The  layout  of  the  patch  is  shown  on  page  D-1 4.  In  response  to  a 
question,  the  thermal  response  of  the  oscillator  was  stated  to  be  very  stable  over  the 


^  According  to  LtCol  Obal,  the  government  sometimes  has  unreasonable  or  unrealistic  lifetime  goals  for 
^»cecialt 


expected  temperature  range.  The  digital  signal  processor  is  being  hardened'*  by  Phillips 
Lab  to  address  concerns  about  radiation  damage. 

An  example  of  a  microisolation  and  pointing  experiment  is  shown  on  page  D-12. 
According  to  Allan  Bronowicki,  micropointing  is  enabling  technology  for  the  Earth 
Observing  System  multisensor  platform.  For  this  application,  the  wiring  bulk  can  be 
eliminated  using  a  multilayer  printed  flexible  circuit  tape;  the  electronics  bulk  is  reduced  via 
multichip  modules  though  parts  that  require  frequent  changing  are  not  included  in  those 
MCMs.  An  H-bridge  motor  driver  on  a  Kevlar-reinforced  substrate  is  being  developed  for 
Brilliant  Pebbles  (BP).  The  substrate  coefficient  of  thermal  expansion  (CTE)  can  be 
matched  to  that  of  Si.  Shielding  up  to  50  krads  is  apparently  designed  into  this  application 
though  survivability  is  to  be  demonstrated  to  100  krads.  TRW  expects  to  go  with  the 
equivalent  of  200  mils  of  shielding. 

LtCol  Obal  asked  if  the  approach  being  taken  by  M&S  to  demonstrate  these 
advanced  technologies  would  provide  enough  data  or  reduce  the  risk  to  an  acceptable  level 
for  designers  or  would  there  be  a  need  to  use  complete  design  allowables.  According  to 
Allan  Bronowicki  these  demonstrations  "will  help  a  lot."  However,  someone  remarked 
that  there  was  also  a  need  for  the  govemment/program  managers  to  say  what  they  think  is 
necessary.  Follow-up  questions  were  asked:  (1)  Would  designers  be  comfortable 
inserting  these  patches  into  a  spacecraft  if  weights  and  power  requirements  were  very  low 
and  if  the  spacecraft  would  be  fail-safe  if  these  devices  failed?  and  (2)  Would  it  be 
feasible?  Some  believed  that  for  large  satellites  it  was  probably  not  an  issue.  However, 
another  indicated  that  designs  for  these  large  satellites  are  very  conservative  and  are  driven 
somewhat  by  limitations  on  requirements,  budgets,  contracts,  and  award  fee  structures; 
program  managers  are  often  unwilling  to  add  extra  items.  Schedule  was  mentioned  as  a 
major  driver  as  well.  The  conclusion  seemed  to  be  that  designers  and  Program  Offices 
needed  to  be  involved  up  front  in  the  evaluation  of  new  technology.  The  communication 
void  between  designers  and  researchers  within  the  same  company  was  also  highlighted. 

C.  MIKE  GALLAGHER,  BP  LIFEJACKET  INTEGRATED  STRUCTURAL 
ELECTRONICS 

The  Martin  Marietta  BP  program  is  one  of  the  few  current  effons  to  integrate 
electronics  with  structure  (pp.  D-16  through  D-31).  This  current  effon  (DD-9  Technology 
Demonstration)  is  a  product  of  several  past  programs:  a  LightSat  IRAD  program;  several 


^  The  total  expected  dose  is  5  to  10  Mrad.  Hardening  is  accomplished  by  oxidizing  the  Si  all  the  way 
through.  The  surface  will  then  be  annealed,  followed  by  etching  of  the  necessary  features. 
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kill  vehicle  (KV)  flight  efforts;  and  a  Reduced  Instruction  Set  Chip  (RISC)  processor 
engineering  design  unit  (EDU),  the  heart  of  the  BP  approach.  Key  areas  in  the  BP  design 
include  the  RISC  processor  interface,  subsystem  control  electronics,  data  distribution,  and 
component  integration.  For  FLTl,  due  to  electro-magnetic  interaction  (EMI)  shielding 
requirements,  ~42  percent  of  the  weight  was  connectors,  ~30  percent  was  the  enclosure, 
and  26  percent  was  printed  wiring  boards  (PWBs)  and  electronics.  The  weight  problem 
apparently  stemmed  from  the  existing  culture  specifying  most  of  the  design  and  ♦he 
electronics. 

A  need  for  an  integrated  power  distribution  and  data  network  was  identified,  to  be 
accomplished  by  embedding  the  salient  hardwar^software  into  a  lifejacket  (U)  panel  while 
maintaining  LJ  integrity  and  configuration  control.  Goals  were  to  reduce  mass,  touch 
labor,  required  volume,  and  routing  complexity  and  increase  packing  density  and 
modularity  of  the  design.  Gallagher  also  indicated  that  with  an  embedded  system  of  this 
type  one  would  be  able  to  check  it  out  earlier  in  the  assembly  process. 

One  of  the  key  areas  of  application  will  be  for  guidance,  navigation,  and  control 
(GNC,  p.  D-23).  In  this  phase  the  GNC  components  spend  most  of  the  on-orbit  time 
waiting  for  instructions.  A  couple  of  examples  comparing  the  conventional  approach  to 
that  proposed  by  DD-9  are  also  provided  (pp.  D-24  and  D-25).  The  conventional  approach 
involves  2-D  electronics,  3-D  boxes  and  cables,  low  volumetric  efficiency,  high  mass,  and 
complex  assembly.  The  integrated,  multidisciplinary  approach,  on  the  other  hand,  involves 
3-D  microelectronics,  2-D/conformal  packaging,  high  volumetric  efficiency,  low  mass,  and 
modular  assembly. 

A  schematic  of  the  intended  layout  of  the  structure  can  be  found  on  page  D-30. 
Key  design  issues  were  launch  environment,  space  environmental  effects,  platform  level 
autonomy  for  navigation,  power  management,  and  maintenance  and  producibility. 
Deliverables  include  breadboard  prototype  electronics,  ASIC-based  input/output  for  flight 
designs,^  an  ultra-lightweight  power  and  data  distribution  network,  space  qualification 
tests,*  and  validation  of  producibility.  Requirements  include  5  W  +/-  15  V,  a  50  kHz 


^  One  attendee  stated  that  ASICs  are  high-power  processors  optimized  for  electro-qjtical  and  knowledge 
applications;  the  "last  thing  i'  wants  to  do  is  fly  spacecraft."  The  ASICs  are  to  be  used  as 
programmable  interface  adaptors  fcH*  routine  spacecraft  operations  for  reduced  weight  and  power  reasons. 
There  are  actually  two  prototype  steps  to  be  examined  before  an  ASIC  is  designed  on  the  DD-9  effort. 

*  These  tests  will  include  the  BP  boilerplate  tests.  Whether  or  not  these  tests  would  be  appropriate  for 
these  integrated  panels  remains  a  question;  changing  the  test  procedures  or  even  the  types  of  tests 
because  of  the  way  the  panels  are  built  may  be  necessary.  According  to  Gallagher,  such  chwges  would 
require  direction  horn  the  program  office. 
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control  bandwidth,  with  high-speed  digital  data  transmission.  EMI  is  also  a  major 
challenge  since  it  is  mostly  a  black  an  right  now. 

Technology  shortfalls  (risks’^)  requiring  particular  demonstrations  have  been 
identified.  These  concerns  include  a  lack  of  data  for/quantification  of  the  following: 
(1)  mechanical  property  characterization  of  electronic  materials  and  inherent  survivability 
gains,  if  any,  from  structural  materials;  (2)  effects  of  strains  (thermal,  mechanical)  on 
embedded  power  distribution  networks;  (3)  removal  of  excess  heat  from  electronics  into  the 
adjacent  structure;  and  (4)  interconnects  between  3-D  packaging  and  the  structural  network. 
The  corresponding  demonstrations  to  address  these  are  (1)  use  of  electrical  engineering 
design  and  analysis  tools  by  mechanical  engineers  with  data  transfer  capabilities  between 
tools;  (2)  quantification  of  electronics  performance  degradation  due  to  strains; 
(3)  quantification  of  structural  failure  modes  and  lifetimes  for  structures  integrated  with 
electronics;  and  (4)  development  of  production  processes  with  validation  of  costs  and  the 
"-ilities."  Again  reliability  was  identified  as  particularly  critical  since  existing  models  will 
not  fit  this  multi-functional  structure  technology.  A  behavioral  model  of  the  system  is 
needed  for  such  modeling;  without  this,  it  is  believed  that  the  design  team  won't  be 
convinced  the  problem  has  been  solved. 

D.  BRIAN  MACLEAN,  INTEGRATED  SYSTEM  DAMAGE  DETECTION 
AND  ASSESSMENT 

The  approach  of  the  Martin  Marietta  efforts,  presented  by  Brian  Maclean,  for 
integrated  damage  detection  and  assessment  on  spacecraft  (pp.  D-32  through  D-41)  has 
been  to  incorporate  miniature  sensors  and  advanced  multiplexing  technology.  This  also 
provides  health  monitoring  capabilities  for  the  spacecraft.  ARPA  is,  in  fact,  sponsoring  a 
program  on  microelectromechanical  systems  looking  at  on-chip  data  reduction,  for 
example. 

For  health  monitoring,  multiplexing  is  of  primary  interest.  Data  are  transmitted  for 
all  the  sensors  along  a  single  3-wire  bus  embedded  in  a  composite  (p.  D-34);  the  design  is 
fundamentally  similar  to  a  field-effect  transistor  (FET).  These  chip-based  microsensors  are 
very  sensitive  and  have  a  high  dynamic  range;  the  sensitivity  is  25  A  over  a  10  kHz 
bandwidth  range.  On-board  diagnostics  and  data  regression  reduce  system  computational 
requirements.  As  an  example,  a  uni-axial  strain  transducer  combines  a  floating  gate  FET 
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In  this  instance,  risks  are  defined  by  the  government  program  managers.  It  is  necessary  for  the 
contractor  to  show  those  risks  are  understood  and  they  can  be  modeled  and  predicted,  etc.  Mike 
Gallagher  commented  that  it  will  be  impossible,  a  nearly  so,  to  convince  everyone  there  is  no  risk. 


electric  field  sensor  with  an  electric  field  emitter  (p.  D-35).  Changing  the  FET/emitter 
spacing  allows  the  sensor  to  be  calibrated  for  various  parameters. 

All  of  these  multiplexed  sensors  combined  with  a  controller  and  converter®  can  be 
used  to  measure  a  number  of  different  parameters  such  as  strain,  flow,  and  displacement.^ 
An  example  could  be  alignment  between  the  focal  plane  array  and  the  inertial  measurement 
unit  as  a  function  of  manufacturing  anomalies,  temperature  and  other  environmental 
factors,  and  time.  The  ability  to  track  performance  of  various  systems  under  these 
conditions  is  an  advantage  of  adaptive  structures,  in  general. 

Micrometeoroid  and  debris  (MMD)  detection  addresses  the  questions  of  where 
(impact  location),  how  hard  (impact  force),  and  how  much  damage  (flaw  size,  strain 
relaxation,  induced  and  shear  stress  calculations)  (pp.  D-38  through  D-41).  Manin 
Marietta  has  an  IRAD  program  to  develop  sensors  for  this  application.  Limited  testing  is 
planned  using  graphite/polycyanate  panels  with  a  1-D  string  of  10  surface-mounted,  uni¬ 
axial  strain  sensors;  a  flexible  circuit  connects  them  to  the  bus.  An  extensometer  sensor  to 
measure  absolute  displacements  is  under  development.  Packaging  of  the  devices  for  this 
application  is  one  of  the  technical  challenges.  A  question  was  raised  as  to  whether  the 
systems  people  were  interested  in  MMD  detection  or  not.  The  initial  response  was  that  it 
could  be  important  in  reconfiguring  satellite  constellations,  presumably  so  that  MMD 
clouds  could  be  avoided;  it  could  also  be  a  point  of  failure  for  a  single  satellite,  the  apparent 
conclusion  being  that  there  should  be  interest.  According  to  LtCol  Obal,  designers  did  not 
appear  to  be  generally  interested  a  few  years  ago,  but  there  may  be  some  applications  where 
MMD  damage  would  be  critical. 

E.  RUSTY  SAILORS,  INTEGRATED  POWER  APPROACHES 

The  Air  Force  is  sponsoring  two  efforts  on  integrated  power  approaches:  a  contract 
with  Boeing  for  an  Integrated  Power  Panel  (IPP)  (pp.  D-42  through  D-48)  and  a  proposed 
concept  for  Integrated  Advanced  Power  Technologies  (lAPT)  (pp.  D-49  through  D-53). 
The  IPP  combines  solar  cells,*®  shunt  controllers,**  and  dissipators  on  solar  array  panels. 
Additional  features  include  removal  of  some  power  processing  functions  from  the  bus; 


®  Standard  controllers  and  converters  can  be  used,  though  on-chip  data  reduction  will  provide  more 
information.  A  variety  of  sensors  can  be  utilized. 

^  ARPA's  interest  in  this  program  is  due  to  the  potential  low  fabrication  costs  of  these  devices.  The 
automotive  indus^  is  interested  in  using  these  sensor  systems  for  fuel  injection  systems  and  for 
vehicle  life  determination. 

*  ®  GaAs  is  the  solar  cell  of  choice  for  the  moment  but  other  technologies  may  be  inserted  as  they  become 

available.  The  operational  temperature  range  of  interest  is  -ISO  to  +125®C.  According  to  Rusty 
Sailors,  the  hybrids,  etc.,  have  been  tested  from  -160  to  ■t-12S*’C  for  thousands  of  cycles  on  this 
program.  Note  that  these  and  the  other  materials  being  used  are  already  space  qualified. 

*  *  The  controllers  have  been  designed  to  meet  high-level  radiation  requirements. 


reduction  of  thermal  management  concems^^  and  control  and  cabling  requirements;  high 
modularityi3  and  scalability;  a  reduction  of  lay-down  costs  and  repair  simplification  due  to 
the  solar  cell  "ramp"  interconnect  (p.  D-48);*'*  no  significant  reduction  in  perfonnance  with 
some  number  of  failed  hybrids  due  to  inherent  fault  tolerance  and  high  design 
redundancy; and  emphasis  on  simplicity  and  part  count  reduction.*^  The  implication  is 
that  the  panels  must  be  facing  the  sun.  Sailors  replied  that  the  following  was  the  case: 
When  out  of  the  sun,  the  array  shuts  itself  off  and  runs  by  a  battery  which  is  charged  when 
in  the  sun;  it  boots  itself  up  again  when  in  the  sun.  This  is  apparently  possible 
(independent  of  the  bus)  since  the  controller  is  moved  out  to  the  array. 

The  baseline  panel  is  illustrated  on  page  D-47.  It  consists  of  graphite/epoxy 
facesheets  over  an  A1  honeycomb  core;  a  thin  layer  of  dielectric  which  separates  the  cover 
glass/GaAs  solar  cells  from  the  composite;  hybrid  drivers,  thermal  control,  and  resistor 
strips,  which  are  located  on  the  backside. 

Temperature  and  radiation  are  two  factors  of  concern  related  to  potential  failures  of 
these  solar  cell  strings.  Therefore  extensive  testing  has  been  performed  on  these  designs  to 
ensure  significant  design  margins  exist.  From  a  radiation  perspective,  for  example, 
transistor  gains  of  200  can  be  reduced  to  10  before  any  concerns  for  the  shunt  controllers' 
performance  are  in  order.  Performance  of  a  solar  cell  usually  decreases  as  temperature 
increases,  for  another  example;  this  has  been  addressed  ftom  a  mission  level.  Only  when 
excess  power  exists  are  the  solar  cells  heated  by  the  resistor  strips,  so  a  reduction  in  their 
efficiency  is  not  a  concern  and  is  actually  a  positive  feature  because  less  power  is  generated 
to  be  shunted.  Program  emphasis  is  on  ground  repair  but  attempts  are  being  made  to 
address  possible  failures  up  front  in  the  trade  studies.  It  may  be  possible  to  force  the 
manufacturers/panel  suppliers  to  perform  the  testing,  which  may  reduce  post-assembly 
testing.  However,  there  would  be  a  cost  penalty  associated  with  the  panels  on  such  an 


^  ^  This  leads  to  reduced  spacecraft  bus  thennal  requirements  and  reduces  the  PM  AD  box  count 

^  ^  Modularity  implies,  to  an  extent,  that  multiple  mission  requirements  can  be  met.  In  addition,  power 
requirements  increases  late  in  the  program  cause  minimal  impacts  on  the  PMAD  portions  of  the 
design,  which  is  not  the  case  in  other  designs.  It  would  also  be  possible  to  feed  a  primary  bus  or 
multiple  busses. 

*  ^  The  wire  connects  the  bottom  of  one  cell  to  the  top  of  the  next  This  is,  in  other  designs,  one  of  the 
concerns  for  failure;  damage  to  the  wire  interconnect  may  cause  a  disconnect  between  solar  cells. 
Therefore,  significant  design  and  testing  has  been  p^ormed  on  this  increased  reliability  interconnect 

^  ^  With  present  technology,  replacement  of  failed  solar  cells  is  difiiculL  Having  redundant  capabilities 
may  allow  flight  of  fail^  hybrids;  it  depends  on  the  specific  program  and  mission. 

^  ^  This  may  lead  to  lower  manufacturing  costs  and  more  simple/low-cost  testing;  solid  state  processes  are 
significantly  simpler,  better  defined,  more  repeatable,  and  less  expensive  than  the  hand-made  processes 
fa*  current  batteries  and  the  yields  are  higher  as  wril. 
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approach,  but  a  great  cost  benefit  from  the  system  perspective.  In  the  end,  contractors 
should  be  responsible  for  showing  that  the  device/component/system  works  as  expected. 

Thin  film  technologies  integrating  power  generation  (high  efficiency  solar  cells) 
and  conditioning  (solid  state  controller)  and  energy  storage  functions  (solid  state  battery)^* 
are  being  considered  in  the  lAPT  concept.  This  concept  combines  three  separately 
developed  technologies  into  a  single  package.  Perceived  benefits  include  reduction  in 
power  system  mass  and  volume;  reductions  in  system  and  manufacturing  process  costs; 
modular  interconnects  for  power  bussing;  simplified  autonomous  operation  and  inherent 
fault  tolerance;  and  the  possibility  of  remote  power.  Several  schematics  showing  possible 
applications  arc  shown  on  pages  D-51  through  D-53.  One  example  is  the  embedding  of 
these  lAPT  packages  in  remote  sections  of  the  spacecraft  to  supply  low  levels  of  power  to 
sensors. 

F.  ROY  IKEGAMI,  STRUCTURALLY  INTEGRATED  SENSOR 
TECHNOLOGY 

Dr.  Ikegami  presented  an  aircraft  community  perspective  on  advanced  sensory 
structures  (pp.  D-S4  through  D-64).  In  some  sense  the  aircraft  community  is  bounded  by  a 
much  tougher  constraint  since  supportability  is  a  critical  feature:  components  must  be 
removable  and  either  repairable  or  replaceable.  Boeing  is  developing  load-bearing 
structurally  integrated  antennae/phased  arrays.  The  particular  application  depicted  is  a 
Global  Positioning  Satellite  antenna  for  aircraft  (p.  D-56).  The  antenna  is  to  be  conformal 
with  the  body  contour,  and  the  strength  and  stiffness  of  the  antenna  panel  must  match  that 
of  the  surrounding  skin.  Issues  include  mechanical  properties,  some  of  the  "-ilities,"  EMI 
and  lighming  strike  protection,^^  and  RF  distortion  at  higher  fiequencies  due  to  structural 
deformation.  Potential  cross-talk  between  elements  of  the  array  is  being  handled  via  the 
electronics.  The  aircraft  skin  is  graphite/epoxy;  the  antenna  panel  is  fiberglass/epoxy  with  a 
copper  mesh  ground  plane;  antenna  elements  are  exposed  on  the  surface.  Five  integration 
concepts  are  being  examined  (p.  D-57).  Concepts  1,  3,  and  5  are  conventional:  window 


^  ^  The  solar  cells  have  efficiencies  on  the  order  of  23  to  28  percent. 

^  ^  The  batteries  are  conformable;  the  electrolyte  is  a  thin  polymer  film,  rather  than  a  liquid,  and  is 
sandwiched  between  an  anode,  a  cathode,  and  two  thin  metal  foil  current  collectors..  Its  perfomance  as 
a  function  of  temperature  is  much  better  than  that  of  Ni-H2  batteries.  Its  energy  density  is  6  times 
higher  than  that  of  Ni-H2  and  2  times  better  than  that  of  Na-S.  The  cost  of  Ni-H2  cells  ($8-$13,000) 
is  significantly  higher  than  that  of  a  solid  state  battery  as  well.  The  down  side  is  that  the  solid  state 
batteries  are  not  packaged  for  space,  though  Sailors  indicated  that  normal  component  shielding  will 
adequately  address  the  concern;  battery  cycling  requirements  are  also  an  issue,  in  particular  for  the 
cathodes.  The  Automotive  Battery  Consortium  is  very  interested  in  this  technology. 

^  ^  This  would  correspond  to  the  charge  buildup  in  space. 


frame,  non-load-bearing  window,  and  stiffened  cavity.  The  other  two  innovative 
approaches— spliced  dielectric  window^o  and  mechanically  fastened  dielectric  window- 
offer  reduced  weight  and  volume;  in  addition,  the  avionics  are  located  such  that  they  are 
insensitive  to  flight  strain.  The  feasibility  of  putting  the  processing  electronics  in  the  same 
region  as  the  load-bearing  antenna  panel  may  be  examined  in  future  efforts. 

Dr.  Dcegami  identified  a  number  of  technical  challenges,  some  similar  to  those  noted 
previously  for  spacecraft.  The  include  the  following:  individual  elements  move;  the 
elements  are  physically  stressed;  they  also  act  as  heat  sources  so  cooling  may  be  necessary; 
elements  can  be  truly  conformal  but  they  may  point  the  wrong  way;  conformation  and 
material,  which  are  not  under  control  of  the  structural  designer,  must  be  part  of  his  design, 
and  thus  a  multidisciplinary  team  is  needed;  integration  of  these  devices  must  not  adversely 
affect  performance  of  the  aircraft  (integrity  and  durability);  producibility  and 
supportability^^  are  not  as  good  as  for  conventional  technology,  and  greater  lifetimes  for 
avionics  components  arc  needed.  Having  electronics  at  the  back  plane  represents 
something  of  a  problem  in  qualification  testing.  Typically,  over  $1  million  is  spent  to 
determine  design  allowables  for  a  new  material  at  the  coupon  level.  With  embedded 
electronics  it  is  unknown  what  those  costs  would  be  to  develop  the  same  level  of  design 
confidence-it  remains  to  be  seen  whether  or  not  system  worth  can  be  demonstrated.  Other 
related  concerns  included  the  types  of  failure  that  might  occur,  methods  for  detection  of 
individual  element  failure,  and  methods  for  detection  of  effects  of  structural  deformation,22 
believed  to  be  the  first  step. 

Dr.  Ikegami  identified  actions  that  need  to  be  taken  to  address  four  major  issues; 

(1)  Sensor  Development:  Avionics  vendors  and  materials  suppliers  should  be 
encouraged  to  work  together. 

(2)  Integration:  Trade-off  studies  evaluating  embedment  vs.  surface  attachment 
methods  are  needed;  lab  tests  will  be  required  for  validation. 


20  This  stepped  laminating  approach  is  the  lowest  weight  and  volume  and  allows  for  easy  replacement  if 
necessary.  It  is  also  a  structural  panel.  This  design  turned  out  to  be  61  percent  lighter  than  the  best 
vendor  d^ign  for  a  particular  aircraft 

2 1  Pushing  avionics  vendors  to  highw  reliability  is  a  more  difficult  problem  in  the  aircraft  business  for 
cost  reasons:  aircraft  are  typically  less  expensive  than  spacecraft  The  primary  drivers  are  weight 
savings  and  the  trade-off  of  cost  with  complexity. 

22  Development  of  sensors  for  this  pu^se  was  identified  as  an  enabling  technology.  Other  enabling 
technologies  include  load-bearing  dielectric  window  structural  integration  and  electronic  module  and 
manifold  integrations. 
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(3)  "-ilities";  An  integrated  product  development  team  to  aid  in  design  from  the 
beginning  is  one  crucial  step  here;  more  reliable  avionics  are  also  needed. 

(4)  Structural  Integrity:  Fatigue  and  failure  analysis  are  important;  trade-off 
studies  on  sensor  size  and  number  will  be  necessary;  and  combined 
structural/RF  testing  will  be  needed  to  study  effects  of  deformation  on  system 
performance. 

These  steps  need  to  be  accomplished  before  the  technology  can  be  moved  toward  system 
demonstrations. 

G.  TOM  VAN  ZANDT,  MICROSENSORS  AND  MICROINSTRUMENTS 

Tom  Van  Zandt  discussed  ongoing  efforts  at  JPL  to  miniaturize  sensors  for 
particular  applications  (pp.  D-65  through  D-71).  Current  sensors  have  mass,  power,  and 
size  requirements  that  are  incompatible  with  many  applications,  particularly  given  the  drive 
to  smaller  satellites.23  Therefore,  miniaturization  of  these  sensors  while  maintaining  the 
same  or  better  performance  is  critical.  An  example  of  the  Mars  Environment  Survey,  to  be 
launched  at  the  turn  of  the  century,  was  provided  (p.  D-71).  The  lander  weighs  80  kg  (for 
aerobraking)  with  -10  kg  for  science  instruments.  Designers  would  like  to  get  away  from 
boxes  and  connectors  so  integrating  interfaces  will  be  important.  Typically  systems 
engineers  will  say  at  the  beginning  that  there  is  no  science  mass  budget;  the  ability  to  do 
more  science  using  smaller  sensors  and  instruments  then  becomes  quite  attractive.  Dr. 
Van  Zandt  believed  that  new  measurement  techniques  will  be  needed  since  microfabrication 
techniques  alone  will  not  accomplish  this  goal.  These  new  measurement  principles  are  the 
focus  of  the  JPL  efforts  and  are  aimed  at  in  situ  science-measurement  "right  there  in  the 
thick  of  things." 

Position  sensing  technologies  developed  at  JPL  were  highlighted  (pp.  D-67  through 
D-69).  One  is  an  electron  tunnelling  sensor  with  a  sensitivity  of  10*  l'*  m/Hzl^,  useful  for 
alternating  current  applications  above  1  Hz.  It  works  via  a  flow  of  electrons  through  a 
vacuum  gap  (on  the  order  of  angstroms)  between  electrodes.  A  capacitive  position  sensor 
having  sensitivity  of  <10‘13  is  useful  for  broadband  applications  ranging  from 

direct  current  to  100  kHz.  Both  of  these  sensors  are  1-D.  Multidimensional  capacitive- 
based  edge  sensors  are  used  for  precise  measurement  of  relative  displacements  and 
rotations. 

A  number  of  applications  for  these  sensors  were  also  identifred.  Only  a  few  will  be 
highlighted  here.  The  tunnel  sensors  have  been  demonstrated  in  an  uncooled  IR  detector-a 


This  means  a  different  launch  vehicle  class  can  be  used  and  launch  costs  can  be  lowered. 
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Golay  cell,  a  son  of  inverted  electron  tunnelling  microscope.  This  is  a  broadband 
application.  The  noise  equivalent  power  is  2  x  10"*®  Apparently  a  pinhole  in  the 

device  acts  like  a  high  bandpass  filter.  Another  example  is  the  broadband  capacitive 
accelerometer^-*  which  can  be  used  as  a  seismometer,  microgravity  accelerometer,  or  for 
orbital  diagnostics.  For  seismometer  applications  the  noise  floor  is  at  the  nano/Hz  level. 
These  devices  can  be  made  cheaper  and  50  times  smaller  than  the  current  technology 
sensors.  They  must  be  well-coupled  to  bedrock  on  earth  via  earth  penetrators  (reentry 
vehicles?).  Someone  asked  if  ciurent  efforts  were  directed  at  more  sensor  development  or 
flight  of  existing  sensors.  According  to  Van  Zandt,  the  present  budget  environment 
necessitates  an  emphasis  on  flight  heritage  for  these  sensors. 

The  main  technical  issue  in  terms  of  sensory  structures  was  the  need  to  develop 
microsensors  for  use  in  constrained  applications;  high-sensitivity  microsensors  would  be 
critical,  enabling  technology  in  such  cases.  As  a  corollary,  research  into  fundamental 
measurement  techniques  is  also  deemed  important.  The  push  for  such  developments 
should,  in  addition,  be  oriented  to  particular  applications.  A  bottom-up  approach  to 
develop  sensors  was  thought  by  Van  Zandt  to  be  a  logical  approach  in  the 
design/development  of  sensory  structures.  In  that  case  it  is  important  to  first  determine 
what  is  to  be  sensed;  decide  if  it's  practical/possible;  determine  the  availability  of  sensors; 
and  perform  sensor  development  work  as  needed.  Then,  system  engineering  and 
integration  issues  can  be  addressed. 

H .  TED  NYE,  NEW  DESIGN  TECHNOLOGIES 

TRW  has  been  involved  in  the  development  of  several  technologies  for 
consideration  in  the  design  of  sensory  structures  (pp.  D-72  through  D-88).  These  include 
an  electrochromic  sail,  hairy  visco-elastic  materials  (VEMs),  piezoceramic  shaping,  and 
smart  healing  structures. 

An  electrochromic  sail  could  be  used  to  perform  satellite  steering  via  solar  pressure 
(pp.  D-73  through  D-75).  These  devices  change  their  optical  properties  as  a  function  of 
applied  electric  potentials.  The  designs  are  simple  with  no  moving  parts  and  potentially 
low  cost;  they  are  also  low  power  (~1  W),  low  voltage  (~1.2  V),  and  lightweight.^^  Since 
the  panel  acts  like  a  capacitor  it  needs  to  be  charged  up  periodically,  about  every  24  hours. 
Some  environmental  tests  have  been  performed  to  examine  electro-optical  behavior  as  a 


Apparently  there  is  a  possibility  for  over-ranging  with  these  devices  due  to  a  sensitivity  to  very  high 
loads.  Some  sort  of  physical  stq)  ex  cage  may  be  required.  No  shock  testing  has  been  performed  yet 

Steering  a  BP  requires  a  panel  on  the  order  of  1  to  2  m^. 
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function  of  temperature,  ultra-violet  and  other  radiation  exposure.  Ted  Nye  indicated  that 
this  material  could  be  utilized  on  ACTEX II  at  no  cost;  it  may  be  possible  to  determine  the 
pressure  based  on  the  PZT  response.  The  competing  devices  are  more  complex  and 
include  magnetic  torque  rods,  momentum  wheel  devices,  and  propulsion  systems. 

The  hairy  VEMs,  illustrated  on  page  D-76,  consist  of  VEMs  with  embedded, 
chopped  fibers  that  act  as  a  pseudo-constrained  layer.  Energy  is  dissipated  though  fiber 
interactions  with  more  efficient  load  transfer  to  the  VEM;  these  hairy  VEMs  seem  to  work 
best  in  bending.  It  is  believed  that  these  materials  could  be  used  to  knock  down  acoustic 
vibration  and  may  be  applicable  to  small  spacecraft.  Temperatiue  sensitivity  of  the  VEMs 
remains  a  major  problem  as  do  mass  production  techniques.  Experimental  parameters  that 
have  been  considered  include  fiber  aspect  ratios,^^  volume  fraction  and  orientation  of 
fibers,  and  damping  as  a  function  of  temperature  and  fiber  aspect  ratio;  use  of  several 
different  fibers  together  has  not  been  examined. 

Limitations  with  current  piezoceramic  materials  include  thickness  (<5  mils 
desirable),  shape  (curved  pieces  desirable),  material  aging  (reduced/no  loss  of  properties 
over  time  desirable),  and  poling  direction  (poling  along  length  rather  than  thickness 
desirable).  Though  the  materials  are  being  utilized  within  these  constraints,  these 
limitations  are  believed  to  cause  expensive,  work-around  solutions  and  reduced 
performance.  Further  developments  are  required.  Some  of  these  issues  are,  in  fact, 
beginning  to  be  addressed  in  a  small  M&S-sponsored  program  through  NRL  with  Dr. 
Manfred  Kahn. 

In  some  very  preliminary  studies  TRW  has  been  investigating  smart  strut  concepts 
to  detect,  locate,  and  repair  structural  faults.  Faults  are  detectable  via  several  methods: 
resonant  frequency  changes  (stiffness  degradation),  increased  damping  (delaminations), 
and  poor  coherence  transfer  functions  (loose  joints).  These  are  illustrated  on  pages  D-82 
through  D-86.  The  idea  behind  the  smart  strut  is  analogous  to  a  human  lymph  node 
system:  embedded  piezoceramics  would  provide  "muscle"  action  to  bleed  internally  located 
but  unmixed  epoxies  into  damaged  areas  of  the  structure.  The  epoxy  would  probably  be 
low  viscosity,  similar  to  water.  As  shown  on  page  D-87,  a  two-part  tubing  network  would 
be  embedded  with  the  piezoceramics;  adhesive  pumping,  activated  following  some 
system/health  identification,  would  be  locally  controlled.  While  it  is  possible  to  detect, 
quantify,  and  locate  damage,  the  smart  healing  strut  technology  is  in  the  concept  stage  only. 


Fibers  are  coated  first,  then  chopped. 
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It  has  been  demonstrated  for  concrete  structures,  however.  This  technology  may  also  be 
applicable  to  liquid-lubricated  tribtxnechanisms. 

I.  PRAKOSH  JOSHI,  AN  INTEGRATED  SENSOR/ELECTRONICS 
PANEL  FOR  SPACECRAFT  ENVIRONMENT  MONITORING 

Physical  Sciences  is  the  prime  contractor  for  the  M&S  SAMMES  program  (pp.  D- 
89  through  D-103).  One  of  the  program  objectives  is  to  characterize  the  low  Earth  orbit 
(LEO)  environment-atomic  oxygen,  contamination,  solar  radiation,  trapped  radiation,  and 
thermal  cycling— at  specific  locations  on  the  spacecraft.  Sensors  on  the  current  version 
include  actinometers.  Quartz  Crystal  Microbalances  (QCMs),  Temperature-Controlled 
(JCMs  (TCJCMs),  sun  sensors,  radiation  sensors,  and  thermocouples.  Illustrated  on  pages 
D-91  through  D-92,  it  weighs  2.8  kg  and  is  contained  in  a  3500  cm^  volume;  power 
demand  for  the  electronics  is  5  W.  The  desired  lifetime  is  3  years  at  1000  km.  The 
remainder  of  Prakosh  Joshi's  presentation  was  a  case  study  for  multifunctional  structures 
based  on  the  SAMMES  module,  still  maintaining  its  functional^erformance  characteristics 
and  addressing  design  changes,  technology  limitations,  risks,  and  costs. 

In  the  conceptual  design  several  steps  were  considered:  elimination  of  the  metal 
housing  which  is  35  percent  of  the  LEO  weight;  redesign  of  the  electronics,  which  are  45 
percent  of  the  LEO  weight,  for  radiation  hardness;  miniaturization/integration  of  the 
electronics  into  ASICs  (pp.  D-95  and  D-96);  modification  of  QCM  and  calorimeter  designs 
(p.  D-97);27  analysis  of  the  structural  response  of  the  G-10  printed  circuit  board  (PCB) 
with  embedded  sensors/electronics  (p.  D-99);  and  evaluation  of  thermal  control  aspects. 
The  estimated  total  weight  for  the  redesigned  panel,  7.5"  x  6.5"  x  0.79"  thick,  is  760 
gm.28  This  panel  weight  includes  the  PCB,  components  (electronic?),  two  TC^CMs,  three 
calorimeters,  five  actinometers,  solder/conformal  coating,  silver/teflon  film,  and  assorted 
hardware.  The  maximum  power  is  7.3  W:  2.5  W  for  the  electronics,  4.8  W  for  the  Peltier 
cooler  needed  for  the  QCMs.  Structural  response  was  also  determined:  167  Hz  natural 
frequency,  1520  lb  minimum  buckling  load,  maximum  stress  and  displacement  of  4925  psi 
and  0.022  in.,  respectively.^^  In  terms  of  thermal  response  Dr.  Joshi  believed  it  may  be 


The  QCM  is  modified  at  the  expense  of  power.  The  calorimeter  is  not  affected  by  radiation  and  can  be 
miniaturized. 

2*  This  weight  does  not  include  the  power  supply.  It  may  be  possible  to  make  the  support  panel 
thickness,  0.20  inches  in  this  design,  smaller. 

Stress  and  displacement  are  determined  from  the  SAMMES  protoflight  vibration  spectrum  with  a  factor 
of  safety  =  7. 
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necessary  to  provide  additional  conduction  to  the  spacecraft  (p.  D-IOl).  In  addition,  heat 
pipes  may  be  needed  to  control  QCM  cooling  to  <-250C. 

So,  with  these  changes  what  has  been  gained?  Performance  gains/losses  include  a 
70  percent  weight  reduction;  a  50  percent  operating  power  reduction,  though  at  a  sacrifice 
of  the  quiescent  (low  power)  mode  of  the  current  design;  operation  at  higher  altitudes  and 
in  more  hostile  environments  due  to  an  increase  in  radiation  hardness  of  the  electronics  to 
80  krads;3°  and  a  loss  in  controllability  of  cooling  (^CMs.  EMI  susceptibility  has  not  been 
evaluated  yet.  For  more  effective  heat  conduction  to  the  spacecraft  the  PCB  must  have  a 
ground  plane  >5  mils  thick.  Heat  pipes  may  have  a  weight  impact  on  the  system;  in 
addition,  it's  not  clear  what  types  and  geometries  would  be  appropriate  for  this  application. 
Cost  issues  are  of  some  concern  as  well.  Development  tools  and  nonrecurring  costs  for 
ASICs  are  high  (SIO^  levels^*)  though  reproduction  costs  may  be  more  reasonable  ($102 
levels).  It  is  likely  that  integration  will  be  relatively  simple  and  costs  will  be  low. 
Reduction  in  space  qualification  test  costs  is  not  clear  at  this  point;  sample  testing  from  a  lot 
may  be  adequate  after  full  qualification  testing  of  the  first  few  panels,  but  it  may  not.  It  is 
also  not  clear  when  such  testing  would  be  performed  and  by  whom. 


30 

31 


The  transfonner  limits  the  radiation  hardness  to  80  krads.  Other  components  are  hardened  to  1  Mrad. 
This  is  a  Harris  number.  At  TRW  the  price  mentioned  was  at  $10^  levels. 
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IV.  DISCUSSION  AND  SUMMARY 


A.  DISCUSSION 

The  discussion  following  the  presentations  covered  a  wide  variety  of  topics.  They 
are  addressed  in  chronological  order  in  this  s^tion.  LtCol  Obal  commented  that  there  did 
not  seem  to  be  any  physics  barriers  that  would  be  major  showstoppers  in  the  development 
of  these  multifunctional  structures.  There  were  some  very  difficult  engineering  issues  to  be 
addressed,  however.  The  approach  to  solving  some  of  them  could  be  similar  to  that  used 
in  the  design  of  conventional  avionics.*  Some  of  the  structures  in  the  process  of  being 
designed/built  (e.g.,  SAWAFE,  BP  lifejacket)  were  not  truly  integrated  though  fairly 
significant  steps  toward  that  goal  were  being  made.  A  multifunctional  panel  concept 
involving  an  RF  system  for  satellites  has  been  briefed  to  NRL.  They  seem  to  be  very 
excited  about  the  technical  possibilities:^  such  a  panel  may  be  amenable  to  basic  operations 
for  all  spacecraft. 

The  issue  of  communication  among  the  right  groups  was  brought  up  several  times. 
Multidisciplinary  teams,  including  the  Program  Offices,  are  necessary  from  the  beginning 
for  successful  integration.  Two  communication  paths  are  imponant:  one  between 
technologists  and  systems  people  in  the  same  field  (interprofessional)  and  another  between 
technologists  and  systems  people  in  different  Helds. 

Link  margins,  data  rates,  and  standardization  were  discussed  briefly.  One  attendee 
commented  that  more  power  is  always  needed  to  close  the  link  margin.  Frequency 
allocations  are  never  received  until  late  in  the  design;  therefore,  the  system  needs  to  be 
programmable.  A  range  of  transmitters  are  being  developed  to  cover  higher  bandwidths. 
Apparently  there  is  lots  of  standardization  going  on  now. 

The  Brilliant  Pebbles  program  was  identified  as  "a  nice  first  attempt."  The 
designers  will  have  to  address  all  concerns  to  satisfy  the  BP  program  managers.  A  "snap- 
together"  approach  is  needed. 


*  Environmental  factors  of  concern  include  EMI,  thermal  balance,  and  radiation,  the  most  critical. 

2  According  to  NRL,  these  RF  systems  are  always  expensive,  they're  always  delivered  late,  and  they 
never  work.  (An  exaggeration,  perhaps?) 
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Several  people  commented  that  development  of  this  technology  for  one  or  two 
spacecraft  did  not  really  make  sense.  Large-volume  applications,  not  limited  to  space,  are 
necessary  from  a  cost  standpoint. 

Miniaturization  of  electronics  continues  to  be  a  key  driver  in  the  development  of  this 
technology. 

Rusty  Sailors  mentioned  the  book  U.S.  Competitiveness  in  Space  Power,  in  which 
competition  from  Europe  and  the  Pacific  Rim  countries  is  highlighted.  It  is  believed  that 
the  Pacific  Rim  countries  "will  figure  out  a  way  to  do  this." 

LtCol  Obal  discussed  the  joint  BMDO/UK  STRV-IB  (Space  Technology  Research 
Vehicle)  flight  experiment  that  contains  14  subexperiments.  The  subexperiments  are 
packed  into  a  small  space  using  current  technology  (apparently  a  "spaghetti"  wiring 
nightmare).  In  some  cases  a  backplane  is  being  used  as  structure.  Local  shielding  is  used 
in  each  module  as  appropriate.  Each  board  has  individual  thermal  and  power  requirements, 
so  adequate  volume  must  be  provided. 

Current  space  systems  are  optimized  for  delivery  and  cost.  It  was  felt  by  some  that 
the  focus  should  be  customizing  the  payload  rather  than  customizing  the  system. 

A  bigger  box  may  be  more  weight  efficient  and  have  fewer  connectors.  However, 
one  has  to  be  able  to  test  it;  and  it  may  be  that  one  big  box  is  more  of  a  problem  than  several 
small  boxes. 

Standard  interfaces  are  being  examined. 

The  concept  of  line-replaceable  units  such  as  is  of  interest  to  the  aircraft  industry  is 
an  intermediate  step  in  the  development  of  multifunctional  structures.  The  IRIDIUM 
spacecraft  program  is  apparently  using  this  concept. 

And,  finally,  several  concluded  that  these  panels  would  probably  have  to  be  flown 
on  large  spacecraft  first.  That  would  give  more  confidence  to  and  gain  the  interest  of  small 
satellite  designers/manufacturers. 


B.  SUMMARY 


MajOT  points  from  the  workshop  can  be  summarized  as  follows:^ 

1 .  Miniaturization  of  electronics  and  federation  of  control  electronics  have  been 
key  factors  in  the  development  of  adaptive/senso>7  structures  to  date. 

2.  New  design  concepts  may  be  needed  to  integrate  electronics  with  structures 
since  the  old  conventional  way  may  not  work.  The  BP  program  is  an  example. 
The  conventional  approach^  involves  2-D  electronics,  3-D  boxes  and  caoles, 
low  volumetric  efficiency,  and  high  mass  with  complex  assembly;  the  new 
approach  involves  3-D  electronics,  2-D  conformal  packaging,  high  volumetric 
efficiency,  and  low  mass  with  modular  assembly.  Modular  assembly  implies 
easier  repairAeplacement  procedures. 

3.  Multidisciplinary  teams,  including  the  Program  Offices,  are  necessary  from  the 
beginning  for  successful  integration.  Two  communication  paths  are  important: 
that  between  technologists  and  systems  people  in  the  same  field 
(interprofessional)  and  that  between  technologists  and  systems  people  in 
different  fields.  There  seemed  to  be  general  agreement  that  systems  people 
need  a  sense  of  ownership  of  the  technology;  their  involvement  from  the  start 
of  a  technology  development  program  will  help  pull  the  technology  into 
application. 

4.  Flight  tests  like  those  for  TechSat  or  TechShot  may  be  necessary  to 
demonstrate  these  multifunctional  structures.  Ground  qualification  testing  is  an 
issue  since  many  properties  of  these  structures  are  as  yet  unknown.  Therefore, 
there  is  a  strong  need  to  develop  system  peripheral  support  functions  to  be  able 
to  measure  the  performance  of  these  sensory  structures  on  the  ground. 

5.  Schedule  and  any  associated  cost  impacts  are  major  drivers  in  spacecraft 
programs  since  many  systems  are  driven  by  schedule.  With  advanced  sensory 
structures,  fabrication  would  become  more  serial,  more  similar  to  that  for 
electronics.  This,  in  turn,  means  repairA’eplacement  of  components  during  test 
and  integration  is  more  serial.^ 

6.  Cost  is  not  a  major  consideration  for  spacecraft  designers,  according  to  some. 
It  is  according  to  others.  In  any  case,  high-volume  applications  are  necessary 
to  reduce  costs  for  these  multifunctional  structures. 


^  I  have  attempted  to  address  these  from  the  most  general  to  the  most  specific,  i.e.,  general  design 
concepts  to  specific  materials  compatibility  issues. 

^  Note  that  current  structures  are  designed  with  high  safety  factors  to  meet  launch  and  operational 
oivironments/conditions. 

^  Note  that  "rqilacement"  means  previous  functional  qualification  tests  are  probably  invalidated. 
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7.  Project  managers  are  the  ones  who  have  to  buy  off  on  the  technology.  They 
are  interested  in  maximum  benefit/risk  ratio.  Advanced  technologies  will  be 
considered  if  they  have  a  mission  enabling/enhancing  function  with  minimal 
impact  on  system.  This  usually  means  low-risk  technology;  fail-safe  operation 
is  critical. 

8.  There  are  strong  requirements  to  address  the  various  "-ilities,"  e‘;pecially 
reliability  and  especially  for  electronics.  This  can  be  accomplished  via 
redundancy  using  different  approaches  for  the  same  function.  It  may  also  be 
possible  to  require  the  manufacturers  to  do  more  testing.  The  group  generally 
concluded  tliat  built-in  self-testing/health  monitoring  capabilities  are  necessary 
for  electronics. 

9.  In  general,  high-speed,  low-power,  all-purpose  processors  are  available.  In 
most  applications  capabilities  of  the  current  devices  are  not  fully  utilized.  Cost 
is  one  consideration  in  the  selection  of  appropriate  electronics  technology: 
digital  ASICs  are  matur  e,  analog  ASICs  are  not. 

10.  Elimination  of  the  electronics  packaging  will  probably  mean  starting  from  the 
beginning-from  design  through  qualification.  At  this  time  there  are  no  military 
specifications  addressing  such  a  situation  as  is  likely  to  occur  with  these  fully 
integrated  structures. 

1 1 .  New  measurement  techniques  are  needed  for  sensors  since  microfabrication 
will  only  get  you  so  far.  Microsensors  need  to  be  developed  specifically  for 
constrained  applications.  A  bottom-up  approach  to  design  staning  with 
sensors  may  be  appropriate:  determine  what  is  to  be  sensed;  decide  if  it’s 
practical/possible;  assess  the  availability  of  sensors;  and  develop  sensors  as 
needed. 

12.  The  issue  of  compatibility  of  structural  materials  with  electronics  concerns 
more  of  the  practical  side  of  the  development  of  multifunctional  structures. 
Specific  relevant  items  to  be  addressed  that  were  identified  in  this  workshop 
include  the  following:  manufacturing  and  assemblyAntegration  techniques; 
machinability;  data  on  properties  (and  performance)  of  integrated  structures; 
survivability  during  launch  and  under  operational/environmental  conditions;^ 
effects  of  strains  on  performance;  failure  mechanisms;  interconnects  between 
the  electronic  packaging  and  the  structure;  CTE  mismatch  between  the 
electronics  and  the  structure;  heat  removal  from  electronics;  cross-talk  between 
devices. 


^  Radiation  was  identified  as  a  particularly  critical  problem  for  elecuonics.  The  selection  of  extremely 
rad-hard  components  is  quite  limited  at  this  time. 
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Demonstrate  space  durability,  performance,  and 
operability 


ACTEX  Tripod 


TliBrmoslal 


ACTEX  Electronics 


POWER:  3  WAHS 
WEIGHT-  9.2  LBS. 


AMASS  Electronics  Board  Layout 


ADAPTIVE  STRUCTURES  TECHNOLOGY 

Miniaturization  and  Federation  of  Adaptive  Structures  Control 
Electronics  Providing  Power  and  Weight  Reduction. 


Federated 
Control  Electronics 
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•  Identify  signatures  of  various  environmental/threat/damage  effects 

•  Demonstrate  space  durability,  performance,  and  operability 


Tribomechanisms  Applications/Problems 
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Adjust  MMA  Operating 
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14  bits®  20-80  kHz  | 
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Drive  Amps 
Monolithic  MOSFETs 
PA41:±200V,  .06 A 
PA21;  ±20V3A,  dual 


Digital  Signal  Processor 
Damping  Algorithm 
Cancellation/Isolation  Algorithm 
System  ID/Health  Monitoring 


Power  Converter  (for  6  Patches) 
Outputs:  (+5V,  2A)  (-5V,  .35A) 
(±100V,  .2 A  each) 


Serial  Interface 

Outputs:  ARMA  Coefficients, 

Inputs:  On /Off,  Algorithm  Coeffs 


Developing  Space  (^ualifiable  Patch  capable  of 
Adaptive  Neural  Control  on  MCP  contract. 

Candidate  Applications  includeiACTS,  GBI,  FEWS, 
DSP,  BP/BE  cryocooler 

Miniaturized  Vibration  Suppression  Electronics 
(MVSE)  IR&D  aimed  at  commercial  applications 

Candidate  applications  include;  Loudspeakers, 
Diesel,  Turboprops 
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HERITAGE/  BP  HISTORICAL  PERSPECTIVE 


Component  Integration 


Relative  Weight 
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H  Elec  Harness 


Integrated  Electronics/  Structural  Panel 
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Design  Requirements 
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High  mass 
Complex  assembly 
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SPECIFIC  DESIGN  ISSUES 
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Integrated  Electronics 

•  DD-9  Overview  Schedule  with  Development  Effort 


ASmONAUriCS  group/mechanical-rat 


Integrated  Electronics  Structure 

•  Incorporate  Data  &  Power  Planes  Into  Skin  Structure 
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DD9  PRODUCTS 


Integrated  System  Damage 
Detection  and  Assessment 
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Mechanical  R&T 


Integrated  System  Damage  Detection  and  Assessment 

Approach 
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Integrated  System  Damage  Detection  and  Assessment 

Uni-Axial  Strain  Transducer  (UAST) 
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Integrated  System  Damage  Detection  and  Assessment 

Integrated  Sensor  Network 


Mechanical  R&T 


Integrated  System  Damage  Detection  and  Assessment 

Sensing  Modalities  Enable  by  Chip  Based  Micro-Displacement  Sensors 
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Integrated  System  Damage  Detection  and  Assessment 

Micrometeorite  and  Debris  identification 
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Integrated  System  Damage  Detection  and  Assessment 

Micrometeorite  and  Debris  Identification 
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Integrated  System  Damage  Detection  and  Assessment 

Technical  Approach 
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WORKSHOP  ON  ADVANCED  SENSORY  S/C  STRUCTURES 


f  Aerospace  Corporation 


WORKSHOP  ON  ADVANCED  SENSORY  S/C  STRUCTURES 
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Or  bignificant  Keduction  In  Performance 
-  Large  Emphasis  On  Simplicity  &  Reduced  Parts  Count 
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Manufacturing  Costs  With  SimplifiecI  &  Inexpensive  Testing 
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-  Flight  Demo  Panel  Ready  Sep  94 


WORKSHOP  ON  ADVANCED  SENSORY  S/C  STRUCTURES 


GaAs/Ge  CELL  STRING  WITH  INTERCONNECTS 
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-  Significant  Commercial  Value 


WORKSHOP  ON  ADVANCED  SENSORY  S/C  STRUCTURES 


Integrated  Advanced 
Power  Technologies  Panel 
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WORKSHOP  ON  ADVANCED  SENSORY  S/C  STRUCTURES 


structurally  Integrated  Sensor  Technolo 
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-  Structural  integration  techniques 

•  Structural  splice 

•  Mechanical  fasteners 


Conformal  Load  Bearing  Phased  Array 
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•  Reliability/supportability 

•  EMI  protection 

•  RF  distortion  at  higher  frequencies 
due  to  structure  deformation 
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Structurally  Integrated  Antenna  Panel 


Hybrid  Splice  Integration 


Benefits  of  Load  Bearing  Antenna 


61%  lighter  than  best  vendor  design 
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current  non-embedded  T/R;  life  time  must  be  much 
greater 
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•  Interpolate  i  x  j  deflections  from  m  x  n  strain  measurements 

•  Compute  AO  and  AA  commands  for  i  x  j  T/R  modules 
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Electronic  module  and  manifold  integrations 

-  Reliability  and  maintainability 

-  Structural  cooling 


Structurally  Integrated  Apertures 

The  Next  Step 
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Microsensors  and  Microinstriiments 
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Jel  I^ropulsion  Laboratory 
Pasadena,  CA 


In  Situ  Science— Present  Sensors  have  Mass,  Power,  Size  Requirements  tl 
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Development  of  New  Principles  is  Focus 


JPL  Invented  Position  Sensing  Teclinoiogi 
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Precise  Measuremenl  of  Relative  Displacenieiils  and  Rotations  of  Stnictui 


Applications  of  Position  Transducers 
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Capacitive  Multi-Electrode  Sensor 

Active  Control  for  Mulli-Coinponent  Mirrors 


JPL  Microinstrunient  Development  Progr 

Tunnel  Sensor  Program 
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iniatiire  Analytical  Instrumentation 
Micromachined  Charged  Particle  Energy/Mass  Analyzer; 


1.  Identify  Technical  Issues  for  Spacecraft  Sensoiy  Structures 
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Bottom-Up  Approach 


I.  Sensors  Should  Be  Emphasized  First 

a.  Determine  What  Is  to  Be  Sensed 

b.  Is  it  Physically  Possible/Practicable  ? 
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Venus,  Pluto,  Martian  Poles,  etc. 
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approximately  every  24  hours 

Competing  technologies  are  magnetic  torque  rods  (more  complex), 
wheel  momentum  devices  (much  more  complex),  and  propulsion 
systems  (most  complex) 
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Concept  is  good  contender  for  a  flight  experiment 
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Deformed 
VEM  Element 
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LEO  MODULE  CHARACTERISTICS 


o-?i 


—  PCBs  (incl.  backplane)  ~1.30  kg 

—  Hardware  -0.15  kg 

—  Sensors  ~  0.40  kg 

Weight  of  power  board  ~  0.25  kg 


CURRENT  LEO  MODULE  ARCHiTECTURE 
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APPROACH  TO  INTEGRATED  SENSOR/ 
ELECTRONICS/STRUCTURE 
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APPROACH  TO  INTEGRATED  SENSOR/ 
ELECTRONICS/STRUCTURE 
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—  Natural  frequency,  buckling  load 

—  SAMMES  protoflight  random  vibration  spectrum 

—  Evaluate  stiffening/strengthening  needs 

Evaluate  idea(s)  on  thermal  control 


Notes:  Number  and  types  of  sensors  to  be  selected  for  LEO  module 
filtered  and  regulated  28  VDC  power  available 

•  Components  rad  hard  to  80  K 


MINIATURIZATION  OF  MODIFIED 
LEO  ELECTRONICS 


Calorimeter 


i 


Basic  QCM  radiation-tested  to  1  jnrad  •  Calorimeter  not  susceptible  to 
Peltier-cooled,  AT  =  60  C  max.  radiation  effects 


SAMMES  ACTINOMETER  DESIGN 
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EMBEDDED  SENSOR/ELECTRONICS  PANEL 


LEO  MONITOR  PANEL  CHARACTERISTICS 
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Conduction  to  S/C  structure  may  be  necessary 

•  Panel  location  important 

Cooling  QCM  crystal  to  -25C  possible  under  specific  spacecraft  conditions 

•  Heat  pipes  may  be  necessary  for  controllable  QCM  cooling  to  <-25C 


Temperature  (C)  Temperature  (C) 


THERMAL  RESPONSE  OF 
LEO  MONITOR  PANEL 


a)  Conduction  to  spacecraft 
K  =  0.185  W/K,Ts/q  =27C 
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SUMMARY  AND  ISSUES  - 
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